I. INTRODUCTION
Artificial media formed by an array of long parallel conducting thin wires (so-called wire media) has been used at microwaves for a long time since 1950s. 1 Wire media has been revisited recently because of its profound use in the metamaterial technology. 2 It behaves as an artificial plasma for waves propagating orthogonal to the wires, however, for any other propagating direction it is characterized by strong spatial dispersion (SD) effects (associated with a nonlocal response of the matter, and it behaves very differently from a material with indefinite anisotropic permittivity) at microwave and low-terahertz frequencies, and even in the very long-wavelength limit, i.e., in quasi-static. 3 Despite these difficulties, it has been proposed that the SD effects in the wire medium (WM) can be suppressed by increasing the capacitance or the inductance of the wire (i.e., attaching large metallic plates or coating the wires with a magnetic material). 4 Based on these findings, it has been shown that the SD effects can be significantly reduced by attaching metallic patches to the WM, 5, 6 and a strong negative refraction at microwaves has been demonstrated in a wire medium periodically loaded with metallic patches. 7, 8 On the other hand, in spite of the practical difficulties in finding materials with desired magnetic response, recently it has been shown that by loading the wires with lumped inductors (increasing the inductance of the wires), the SD effects can be significantly suppressed with the decrease in the plasma frequency. 9 In Ref. 9, all-angle negative refraction with a high transmission has been demonstrated numerically by considering a bi-layer mushroom structure with lumped inductive loads. More recently, an alternative approach to increase the inductance of the wire with reduced SD effects has been presented by considering a racemic array of helicalshaped wire medium. 10 Here, we consider a bulk metamaterial formed by periodically loading the wire medium with metallic patches and lumped inductive loads (see Fig. 1 ), and further studying the phenomenon of negative refraction, with a possibility to demonstrate the effect of partial focusing of electromagnetic radiation of transverse magnetic (TM) waves excited by a magnetic line source. The motivation to consider this structure is because of its two important properties: all-angle negative refraction and high transmission, 9 which are required for the design of planar lenses which permit partial focusing. It should be noted that the mechanism of partial focusing in the proposed flat lens is somewhat similar to that achieved in a flat slab of indefinite anisotropic material. 11, 12 Also, partial focusing has been recently demonstrated with a crossed wire mesh, even though it behaves as a material with a strong nonlocal electromagnetic response. 13, 14 The analysis is carried out using the nonlocal homogenization model for the WM with the generalized additional boundary conditions derived in a quasi-static approximation by including arbitrary junctions with impedance insertions (as lumped loads).
9,15 Also, we model the combined response of the structure using the continuous material model which gives the qualitative description of the bulk material as a local response. The proposed structure exhibits high transmission and negative refraction below the plasma frequency. The predictions of the homogenization model are validated against the full-wave numerical results obtained with a finite-element program HFSS. 16 
II. LOADED WIRE MEDIUM: HOMOGENIZATION MODELS
The geometry of the multilayered mushroom configuration considered in this work is shown in Fig. 1 , with the TMpolarized plane wave incidence. The structure consists of an array of parallel conducting wires with radius r 0 directed along z in a host medium with relative permittivity e h . The patch arrays are at the planes z ¼ 0; Àh; À2h; … À L, and the lumped inductive loads are inserted at the center of the vias at the planes z ¼ Àh=2; À3h=2; :: À ðL þ h=2Þ. The period of the square patches is a and the gap is g. A time dependence of the form e jxt is assumed and suppressed. Fig. 1 ) as a local uniaxial continuous material, with no spatial dispersion. Within this framework, we consider that the effect of the lumped loads and metallic patches can be approximated by a uniform continuous loading. Thus, the effective dielectric function includes the response of the wires, metallic patches, and lumped loads. Next, we take into account the SD effects in the wire medium and the actual discreteness of lumped loads and metallic patches. Within this alternative and more accurate approach as outlined in Sec. II B, the effect of the lumped loads and metallic patches is not incorporated in the effective dielectric function of the material, but rather taken into account through appropriate additional boundary conditions. It should be noted that the generalized additional boundary conditions are obtained based on a quasi-static model of wire media that introduces two additional parameters: the wire current and the additional potential at the wire surface. 18 The conditions at the junctions of wires with metallic patches and at the connections of lumped loads to the wires are then formulated in terms of these quantities. 15 The obtained additional boundary conditions can be reformulated in terms of the electric and magnetic field components tangential to the surface, and have been applied successfully to different configurations of mushroom-type structures (including the case of vias loaded with impedance insertions) to study the reflection/transmission properties and negative refraction showing a good agreement with full-wave numerical simulations. 9, 15 A. Continuous material model Here, we model the combined response of the metallic wires, patches, and the lumped inductive loadings in terms of a continuous material model (local response) based on the quasistatic approach. 9, 18 Following Ref. 9 , the permittivity dyadic of the uniaxial WM uniformly loaded with metallic patches and impedance insertions can be expressed as follows:
where e t ¼ 1 þ 2ða À gÞ=phlog½cscðpg=2aÞ is the transverse permittivity 19 for the patch arrays separated by a distance
is the effective plasma wavenumber, L load is the value of the lumped inductance, L wire ¼ ðl 0 =2pÞlog½a 2 =ð4r 0 ða À r 0 ÞÞ is the inductance per unit length of the WM, and I t is the unit dyadic in the plane orthogonal to z 0 (a unit vector in the z-direction). This model does not take into account the granularity of the structure along z, i.e., the loading is assumed to be effectively continuous along the wires. The transmission/reflection properties based on the continuous material model can be obtained by matching the tangential electric and magnetic fields at the air-material interfaces. Since, the model does not take into account the SD effects in the WM, it does not require any additional boundary conditions. It should be noted that the results of the continuous material model tend to be significantly less accurate (results not reported here for sake of brevity), particularly near the plasma frequency of the structure, however, they give a qualitative description of the response. This simple model is valid, provided that the SD effects are significantly suppressed in the WM. Nevertheless, in this work this is the case because by employing inductive loads, the bulk metamaterial behaves predominantly as a material with local indefinite response.
9 Also, this model is accurate only for a bulk medium.
B. Discrete loading model
In the analysis based on the discrete loading model, the patch arrays are treated as impedance sheets, 17 and the WM slab is modelled as a uniaxial continuous material characterized by a spatially dispersive effective dielectric function along the direction of wires:
is the plasma wavenumber as defined in Ref. 18 , k 0 ¼ x=c is the free-space wavenumber, and k z is the z-component of the wave vectork inside the material.
The reflection/transmission properties of the multilayered mushroom configuration can be obtained in the same manner as presented for the bi-layer mushroom structure, 9 by using the transfer matrix approach. Following Ref. 9 , in addition to the two-sided impedance boundary conditions at the patch interfaces and additional boundary conditions at the connection of the metallic wires to the metallic patches (taking into account the nonlocal response in the WM), the discontinuities in the microscopic wire current distribution I(z), at the connections of the wires through lumped loads (at the planes z ¼ z 0 ¼ Àh=2; À3h=2; :: À ðL þ h=2Þ) are taken into account by the following generalized additional boundary conditions: where I 1 ðzÞ and I 2 ðzÞ correspond to the microscopic wire currents in the medium above and below the lumped inductive load, respectively, at the plane z ¼ z 0 . C wire ¼ 2pe 0 =log½a 2 =ð4r 0 ða À r 0 ÞÞ is the capacitance per unit length of the wire medium 18 and Z load ¼ jxL load is the impedance of the lumped inductance (L load ).
In the Sec. III, the predictions of the analytical models are presented along with the full-wave numerical results.
III. RESULTS AND DISCUSSION
First, the analysis of the bulk metamaterial is carried out using the continuous material model (described in Sec. II A). Even though the results of the continuous material model are quantitatively poor, we explore its advantage because of its qualitative understanding and simple modeling when compared to the nonlocal model. In order to study the possibility of partial focusing by a flat lens, one requires a thick slab of the metamaterial. Here, we consider a twenty-five-layer mushroom structure (L ¼ 25a) formed by twenty six identical patch arrays and twenty five identical inductively loaded WM slabs. The geometrical parameters are as follows: a ¼ 2 mm, g ¼ 0.2 mm, h ¼ 2 mm, r 0 ¼ 0:05 mm; e h ¼ 1, and the inductive load L load ¼ 5 nH. Now, we suppose that a magnetic line source infinitely extended along the y-direction (a y-polarized magnetic line source excites a TM x;z field) is placed at a distance d ¼ 0.5 L above the mushroom slab. We operate at the frequency of 10.85 GHz, where the effective permittivity components calculated using Eq. (1) are: e xx ¼ e yy ¼ 1:51 and e zz % À1. Assuming that the metamaterial slab is unbounded along the lateral directions x and y, it is straightforward to show that the magnetic field in the three regions of space can be written in terms of the Sommerfeldtype integrals. In Fig. 2 , the magnetic-field profiles jH y j are depicted in the x-z plane for the twenty-five-layered mushroom slab. It can be clearly seen that there is an intense partial focus of the magnetic field inside and also below the mushroom lens, thus showing that a flat slab of mushroom with inductive loadings can indeed redirect the electromagnetic radiation of a TM-polarized line source to a narrow spot at the focal plane. An independent verification of the observed phenomena is performed by simulating a finite block of anisotropic material (with the parameters calculated from Eq. (1)) using full-wave numerical solver HFSS, resulting in the same behavior (results not reported here for sake of brevity). The calculated half power beam-width (HPBW) at the image plane is % k=2 (diffraction limit).
To further confirm these findings, we study the transmission properties and characterize the negative refraction based on the nonlocal (discrete loading) homogenization model (as described in Sec. II B) and numerically demonstrate the partial focusing effect using full-wave solver HFSS. Due to computational limitations in modeling a realistic structure, we limit our analysis to a seven-layer mushroom slab. Figure 3 shows the nonlocal homogenization results for the transmission magnitude and phase as a function of frequency calculated for the seven-layer mushroom slab illuminated by a TM-polarized plane wave incident at angle of 45
. The geometrical parameters are the same as those used for the calculations of Fig. 2 . It is seen that the homogenization results are in good agreement with the full-wave HFSS results, except for a small shift in the plasma frequency. It can be observed from Fig. 3 , that the structure exhibits a high transmission which is fairly a constant except in the close vicinity of the plasma frequency. This is because the air-filled configuration is better matched to free space, and also the patch arrays at low-frequencies are highly transparent and behave predominantly as low-pass filters with a flat frequency response. 20 Next, we calculate the transmission angle h t as a function of the incidence angle h i of the impinging TM-polarized plane wave. We characterize the transmission angle based on the analysis of variation in the phase of Tðx; k x Þ (transmission coefficient for a plane wave with the transverse wavenumber k x ) of the material slab with the incident angle h i . Specifically, it was shown in Ref. 21 that for an arbitrary material slab excited by a quasi-plane wave, apart from the transmission magnitude, the field profile at the output plane differs from the same at the input plane by a spatial shift D, given by D ¼ d/=dk x , where / ¼ argðTÞ. The transmission angle can be obtained as h t ¼ tan À1 ðD=LÞ (L is the thickness of the planar material slab). Fig. 4(a) shows the calculated h t as a function of h i at the frequencies of 9.9 GHz and 11.5 GHz. The frequencies were selected based on the parametric study, such that h t is reasonably a linear function of h i in the range 0 < h i < 45
. It should be noted that in the case of Pendry's lens 22 (formed with e ¼ À1 and l ¼ À1), jh t j ¼ jh i j, and consequently the thickness L ¼ 2d provides perfect focusing. However, in the considered indefinite material, the angle of transmission h t is a nonlinear function of the incidence angle h i . The ray-tracing diagram is depicted in Fig. 4(b) showing the path of the rays inside and outside the slab for d ¼ 0.5 L. It is seen that the rays coming from the line source (located above the slab) are partially refocused inside the slab, and also below the slab at the same distance d. Based on the predictions of the homogenization model, the performance of the proposed mushroom-type lens is studied using the commercial electromagnetic simulator HFSS. 16 The magnetic line source is created in HFSS by considering a voltage source excited in the form of a square loop (in the x-z plane) and considering perfect magnetic conductor boundary conditions (H t ¼ 0) at the planes y ¼ 0, a. In the full-wave simulations, the load is inserted in the wires through a gap of 0.1 mm. The artificial material slab was assumed periodic along the y-direction and finite along the x-direction. The width of the slab was taken to be equal to W x ¼ 25a along the x-direction, with a ¼ 2 mm being the period of the unit cell. The metallic components (wires and patches) are modelled as copper metal with the bulk conductivity r Cu ¼ 5:8 Â 10 7 S=m, taking into account the effect of the ohmic losses. Fig. 5(a) shows the snapshot in time of the magnetic field H y at t ¼ 0 in the x-z plane, calculated at 10 GHz. It is assumed that the magnetic line source is placed at a distance d ¼ 7 mm ¼ 0:23k 0 (k 0 corresponds to the free-space wavelength at the operating frequency of 10 GHz) above the mushroom slab, and the image plane is located at the same distance (d) from the lower interface of the slab. It can be clearly seen that there is an intense partial focus of the magnetic field inside the mushroom slab, and also below the lens. However, the focal point at the image plane partially overlaps with the lower interface of the slab. This may be due to the fact that the transmission angle h t is fairly a constant for the incidence angles h i > 35 (see Fig. 4(a) ), which results in a focusing closer to the structure. Also in Fig. 5(b) , we show the calculated square-normalized magnetic-field profile at the image plane. The magnetic field is calculated with HFSS, along a line parallel to the slab at the image plane. The calculated HPBW is near 0:4k 0 , close to the diffraction limit value (k 0 =2).
Next, we study the focusing effect of the mushroom slab at the frequency of 12 GHz. The snapshot of the calculated magnetic-field profile is depicted in Fig. 6(a) , clearly showing an intense partial focus below the lower interface of the slab. The square-normalized amplitude of the magnetic-field profile as a function of x=k 0 is shown in Fig. 6(b) . The calculated HPBW is 0:38k 0 , and is smaller when compared to the case of 10 GHz. This is because in the case of 10 GHz, the focus point coincides with the lower interface of the slab and is not exactly at the image plane, where we calculate the field profile.
IV. CONCLUSION
We have shown that it is possible to design bulk metamaterial formed by periodically loading wire medium with metallic patches and lumped inductive loads, which exhibits a high transmission and negative refraction over a wide frequency band at microwaves. We demonstrate that the loaded wire medium slab (flat lens) focuses electromagnetic radiation both inside and below the slab. The calculated HPBW of the focus point at the image plane is 0:4k 0 . The response can be accurately predicted by the effective medium model. 
